Previous studies indicated a role of hepatocellular carcinoma-related protein-1(HCRP-1) in human cancers, however, its expression pattern in renal cell carcinoma (RCC) and the molecular mechanism of HCRP-1 on cancer progression have not been characterized. In the present study, HCRP-1 expression was examined in a RCC tissue microarray. The negative expression of HCRP-1 was significantly correlated with tumor grade (P = 0.002), TNM stage (P = 0.001) and pT status (P = 0.003). Furthermore, we showed a strong correlation between negative HCRP-1 expression and worse overall and disease-specific survival (P = 0.0003 and P = 0.0012, respectively). Knockdown of HCRP-1 promoted cell migration and invasion in 786-O and OS-RC-2 cell lines. HCRP-1 depletion increased matrix metalloproteinase (MMP)-2 protein level, with increased extracellular signal-regulatedkinase (ERK) phosphorylation, which could be reversed by ERK siRNA or ERK inhibitor, PD98059. Further analysis showed that HCRP-1 knockdown induced epidermal growth factor receptor (EGFR) phosphorylation. Treatment with EGFR inhibitor or EGFR siRNA blocked HCRP-1-mediated upregulation of EGFR, ERK phosphorylation and MMP-2 expression. In summary, our results showed that negative HCRP-1 expression is an independent prognostic factor for RCC patients and promotes migration and invasion by EGFR-ERK-mediated up-regulation of MMP-2. HCRP-1 may serve as a therapeutic target for RCC.
for transport-1 (ESCRT-I) is essential for the binding and sorting of ubiquitinated transmembrane proteins including EGFR into internal vesicles of multivesicular bodies (MVBs) and subsequent degradation with the lysosome 8 . It consists of the four subunits, multivesicular body sorting factor 12, tumor susceptibility gene 101, vacuolar protein sorting 28 homologue and HCRP-1 9, 10 . Among them, HCRP-1, also known as vacuolar protein sorting 37 homologue A (hVps37A), is located on the short arm of chromosome 8 11 . For this region, 8p22, loss of heterozygosity (LOH) occurs to a high frequency in several human cancers including RCC 12 . HCRP-1 was first identified abundant in normal human liver tissue but significantly reduced or undetected in hepatocellular cell carcinoma (HCC) tissues 13 . In a recent study of ovarian cancer, it was reported that HCRP-1 down-regulated expression is associated with activation of EGFR, and its expression has a significant impact on the prognostic value of EGFR expression. Silencing HCRP-1 induces invasive phenotype in vitro and tumor growth in vivo 14 .
Moreover, low HCRP-1 expression is proved to be of adverse prognostic significance in patients with oropharyngeal squamous cell carcinoma (OOSCC) who received preoperative chemoradiotherapy 15 . These studies indicate that HCRP-1 plays an important role in cancer progression with function as a tumor suppressor. Nonetheless, HCRP-1 has been poorly characterized in RCC so far.
In the present study, we evaluated HCRP-1 staining in RCC tissues and paired non-cancerous tissues using tissue microarray technology and analyzed the correlation between HCRP-1 expression and clinicopathologic features. Furthermore, we showed, for the first time to our knowledge, a role for HCRP-1 in suppression of migration and invasion in human RCC cells. Finally, we provided evidence that HCRP-1-knockdown up-regulated MMP-2 expression through the EGFR-ERK signaling pathway in this process.
Material and Methods
Patients and samples. A renal cell carcinoma TMA was purchased from Shanghai Xinchao Biotechnology (Shanghai, China). Tumors were staged according to the 2010 revised TNM system as follows 16 : 76 cases with stages I-II and 14 cases with stages III-IV. Histologicalgrades of tumors were defined according to the WHO criteria as follows: 73 cases of low grade (Grade I and II), 17 cases of high grade (Grade III and IV). In addition, it includes 90 cases of tumor adjacent normal renal tissue. Follow-up information was obtained by reviewing patient medical records.
Antibodies and Reagents. Anti-HCRP-1 rabbit polyclonal antibodies were purchased from proteintech (Wuhan, China). Rabbit monoclonal antibodies to MMP-2, MMP-9, p38, phospho-p38, C-Jun amino terminal kinase (JNK), phospho-JNK, MEK1/2, phospho-MEK1/2, c-Raf, phospho-c-Raf, Ras and phospho-Ras were purchased from Cell Signaling Technology (Beverly, MA). Antibodies against EGFR, phospho-EGFR (Tyr1173), ERK and phospho-ERK were from Santa Cruze (CA, USA). Mouse anti-β -actin was from Boster Biotechnology (Wuhan, China). ERK1/2 inhibitor, PD98059 and EGFR inhibitor, AG1478 were from Abcam (Shanghai, China).
Immunohistochemistry of TMA.
Immunohistochemistry staining was performed as described previously 17 . The TMA slide was incubated with HCRP-1 antibody (1:25) overnight at 4 °C, and diaminobenzidine (DAB; Zhongshan Biotech, Beijing, China) was used to produce a brown precipitate. For the TMA staining evaluation, the immunoreactivity was assessed blindly by two independent observers using light microscopy (Olympus BX-51 light microscope), and the image was collected by Camedia Master C-3040 digital camera. The expression of HCRP-1 was graded as positive when 10% of tumor cells showed immunopositivity. Biopsies with 10% tumor cells showing immunostaining were considered negative 18 .
Cell Culture. Human RCC cell lines 786-O and OS-RC-2 were purchased from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). 786-O and OS-RC-2 cells were cultured in RPMI1640 medium supplemented with 10% fetal calf serum (Invitrogen, Shanghai, China). Cells were in a 37 °C humidified incubator with 95% air, 5% CO 2 .
siRNA transfection. Non-specific control siRNA or HCRP-1 siRNA, and siRNAs for ERK1/2 and EGFR were purchased from Integrated Biotech Solutions (Shanghai, China). The sequences of siRNAs are as follows:HCRP-1, 5′ -GACACUGUUUCUUCUUCAACA-3′ ; ERK1, 5′ -GACCGGAUGUUAACCUUUATT-3′ ; ERK2, 5′ -CCAAAGCUCUGGACUUAUUTT-3′ ; EGFR, 5′ -CACAGUGGAGCGAAUUCCUTT-3′ . The cells were transfected with siRNA using siLentFect Lipid Reagent (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions.
Migration assay. Cell migration was determined by using a modified two chamber migration assay with a pore size of 8 μ m. For migration assay, 3 × 10 4 786-O and OS-RC-2 cells were seeded in serum-free medium in the upper chamber. After 12 h incubation at 37 °C, cells in the upper chamber were carefully removed with a cotton swab and the cells that had traversed the membrane were fixed in methanol and stained with leucocrystal violet. The number of migration cells was determined by counting the Invasion assay. The invasion assay was performed using a modified two chamber plates with a pore size of 8 μ m. The transwell filter inserts were coated with matrigel (BD Biosciences, NJ, USA). 5 × 10 4 786-O and OS-RC-2 cells were seeded in serum free medium in the upper chamber. After 24 h incubation at 37 °C, noninvasive cells were gently removed from the top of the matrigel with a cotton-tipped swab. Invasive cells at the bottom of the matrigel were fixed in methanol, stained with leucocrystal violet and counted.
Western blot analysis. For cancer cells, forty-eight hours (siRNA) after transfection, cells were harvested from the plates. Then aliquots of cell extracts were separated on a 10% SDS-polyacrylamide gel. The proteins were then transferred to nitrocellulose membrane and incubated overnight at 4 °C with appropriate primary antibodies. After incubation with peroxidase-coupled anti-mouse or anti-rabbit IgG at 37 °C for 2 hours, membranes were then washed and scanned on the Odyssey Two-Color Infrared Imaging System (LI-COR Biotechnology, Lincoln, Nebraska, USA). Each western blot was repeated three times.
Statistical analysis. SPSS version 13.0 for Windows (SPSS Inc., Chicago, IL) was used for all analyses. Data are expressed as the means ± SD. Two-factor analysis of variance procedures and the Dunnett's t test were used to assess differences within treatment groups. For TMA, the association between HCRP-1 staining and the clinicopathologic parameters of the RCC patients were evaluated by χ 2 test. Difference between each patient's tumor with its normal counterpart was evaluated by paired χ 2 test. The Kaplan-Meier method and log-rank test were used to evaluate the correlation between HCRP-1 expression and patient survival. Hazard ratios (HR) and 95% confidence intervals (CI) were calculated using multivariate Cox proportionalhazards regression models to analyze the independent impact of clinicopathologic factors and HCRP-1 on survival. A P-value equal to or < 0.05 was considered statistically significant.
Results

HCRP-1 expression is decreased in human RCC.
We first determined whether HCRP-1 expression is changed in human RCC. Immunohistochemistry staining was performed in TMA slide containing RCC tissues and paired non-cancerous tissues. We found that HCRP-1 expression was localized in the cytoplasmic (Fig. 1A) . In normal renal tissues, there was strong cytoplasmic immunostaining in normal renal tubule epithelia. Positive HCRP-1 staining was recorded in 71.1% (64 of 90 cases). Of the 90 patients with RCC, positive expression of HCRP-1 was observed in 42.2% (38 of 90 cases) (Fig. 1B) . A significant lower expression of HCRP-1 was observed in the carcinoma tissues when compared with normal human renal tissues (P = 0.001, paired χ 2 test).
Correlation of HCRP-1 expression with clinicopathological parameters. The relationship
between HCRP-1 expression and various clinicopathological features was investigated (Table 1) . Our data showed that decreased expression of HCRP-1 showed a significant correlation with histological grade (comparing I-II versus III-IV) (P < 0.005, Fig. 1C ). Because TNM stage is an important prognostic marker for patients with RCC, so we studied if HCRP-1 expression correlates with TNM stage. We found HCRP-1 staining was dramatically decreased in TNM stages III-IV compared with stages I-II (P < 0.005, Fig. 1D ). We also found decreased HCRP-1 expression was significantly correlated with depth of invasion (comparing pT1 versus pT2-pT3) (P < 0.005, Fig. 1E ). However, we did not find significant correlation between HCRP-1 expression with other clinicopathologic variables, including age, gender and tumor size.
HCRP-1 expression and patients survival.
Overall survival and disease-specific survival were used for survival analysis. The disease-specific and overall mortality events were 76 and 81, respectively. The average length of the follow-up is 62.2. Kaplan-Meier survival analysis showed a significantly lower overall survival in patients with HCRP-1 negative RCC than those with positive HCRP-1 expression (P = 0.017, log rank test) ( Fig. 2A ). In addition, the negative HCRP-1 staining was correlated with worse disease-specific survival (P = 0.028, log rank test) (Fig. 2B ). Furthermore, we examined whether HCRP-1 expression is an independent prognostic marker for RCC. The independent impact of HCRP-1 expression on disease-specific survival and overall survival was assessed by Cox regression models adjusted for age, gender, tumor size, pathological grade and TNM stage ( Table 2) . In these analyses, low HCRP-1 expression remained significantly associated with shorter disease-specific survival (HR 0.379, 95% CI 0.163-0.882, P = 0.024) and shorter overall survival (HR 0.384, 95% CI 0.172-0.861, P = 0.020). Thus, low HCRP-1 expression is an independent poor prognostic factor in patients with RCC who received preoperative chemoradiotherapy.
Loss of HCRP-1 promotes RCC cells migration and invasion in vitro.
Because low HCRP-1 expression is associated with poor prognosis, supporting HCRP-1 may play an important role in one or more steps of tumor metastasis, we investigated the involvement of HCRP-1 in RCC cells migration and invasion. We failed to construct HCRP-1 plasmid to explore the effect of HCRP-1 on RCC cells migration and invasion. So, we transiently transfected 786-O and OS-RC-2 cells with control siRNA and HCRP-1 siRNA in this study, respectively. Forty-eight hours after transfection, HCRP-1 protein was significantly knockdown in cancer cells (Fig. 3A,B) . Transfected cells were subjected to cell migration assay and invasion assay. In cell migration assay, we found that the ability of cell migration was drastically increased after decreased expression of HCRP-1 in both 786-O and OS-RC-2 cells (Fig. 3C,D) . In cell invasion assay, the results were corresponded with the cell migration assay, respectively (Fig. 3E,F) .
Inhibition of HCRP-1 induces MMP-2 expression and activates the EGFR and MAPK-ERK signaling pathway.
To investigate the mechanisms of HCRP-1 regulating migration and invasion, Western blot analysis was performed in RCC cells to detect the MMP levels, which are well-documented extracellular membrane-degrading enzymes associated with tumor migration and invasiveness. Our data showed that the MMP-2 protein, not the MMP-9, was dramatically induced in 786-O and OS-RC-2 cells transfected with HCRP-1 siRNA. Because previous studies have shown that the MAPK pathway is critical for the activation of MMP-2, we asked if HCRP-1 plays a role in regulating the MAPK pathway. We first examined the levels of phosphorylated (active) forms of MAPK family members (ERK1/2, JNK, and p38 Further analysis of upstream components of the MAPK-ERK pathway showed that HCRP-1 depletion also induced the levels of phospho-ras, phospho-c-raf and phospho-MEK1/2 (Fig. 4) , suggesting that HCRP-1 depletion plays a role in the activation of the Ras-Raf-MEK-ERK cascade. As the role of HCRP-1 depletion in activation of the MAPK pathway, we postulated that HCRP-1 might regulate EGFR activation, which acts upstream of the MAPK-ERK pathway. Changes in EGFR activation were examined, and we found that EGFR phosphorylation (Tyr1173) was significantly elevated after HCRP-1 knockdown in RCC cell lines 786-O and OS-RC-2. On the other hand, HCRP-1 depletion induced EGFR phosphorylation in RCC cell lines, suggesting that HCRP-1 can negatively regulate EGFR activation (Fig. 4) .
Knockdown of HCRP-1 up-regulates MMP-2 expression through ERK signaling pathway.
Next, we asked whether ERK phosphorylation mediates MMP-2 expression which was induced by knockdown of HCRP-1. The MEK inhibitor, PD98059 (25 μ mol/L) was used to inhibit ERK activation. As shown in Fig. 5A ,B, PD98059 significantly inhibited ERK activation and expression of MMP-2 in HCRP-1-knockdown cells. Subsequently, we also found that migration and invasion abilities were suppressed by treatment of 786-O and OS-RC-2 cells with PD98059 (Fig. 6A,B) .
Furthermore, we examined the effect of HCRP-1 on MMP-2 up-regulation in HCRP-1-deficient cells transfected with siRNA for ERK1/2. As shown in Fig. 5A ,B, the expression of MMP-2 was suppressed and the ability to migrate or invade was decreased in RCC cells transfected with siRNA for ERK1/2. Obviously, the results were similar to the treatment of PD98059 (Fig. 6C,D) . These findings collectively suggest that HCRP-1-knockdown leads to up-regulation of MMP-2 by activation of MAPK-ERK signaling pathway, leading to the ability of migration and invasion in 786-O and OS-RC-2 cells.
Phosphorylation of EGFR is involved in the activation ERK signaling induced by depletion of HCRP-1.
Furthermore, we investigated the role of EGFR phosphorylation in the activation ERK signaling induced by depletion of HCRP-1. To examine whether HCRP-1 mediated up-regulation of the ERK pathway is EGFR dependent, RCC cells 786-O and OS-RC-2 transfected with siRNA for HCRP-1 were treated with the EGFR inhibitor, AG1478 (1 nmol/L). As shown in Fig. 7A ,B, AG1478 treatment inhibited EGFR phosphorylation, blocked HCRP-1-mediated up-regulation of phospho-ERK and MMP-2 expression. Cell migration and invasion abilities were also suppressed by treatment RCC cells with AG1478 (Fig. 8A,B) . To further validate the role of EGFR phosphorylation in HCRP-1 mediated ERK and MMP-2 up-regulation, we used siRNA to deplete EGFR expression in 786-O and OS-RC-2 cells. As shown in Fig. 7A ,B, the effect of siHCRP-1 on phospho-ERK and MMP-2 up-regulation were significantly blocked in EGFR-depleted RCC cell lines, and the ability to migrate or invade was also decreased in RCC cells transfected with siRNA for EGFR (Fig. 8C,D) . These results were consistent with the group when treatment of AG1478. These data suggest that phosphorylation of EGFR is involved in the activation ERK signaling induced by depletion of HCRP-1. 
Discussion
There has been evidence indicating an important role for HCRP-1 in cancer development in some malignancies, such as ovarian cancer, HCC and breast cancer. In HCC, low HCRP-1 mRNA expression was independently associated with shorter disease-free survival 13 . Functional report showed that over-expression of HCRP-1 in the HCC cell lines significantly inhibited cell growth in vitro, whereas siRNA mediated knockdown of HCRP-1 in the HCC cell line resulted in increased cellular proliferation 13 . Besides in HCC, it has been clearly reported that reduced expression of HCRP-1 was observed in ovarian cancer, and loss of HCRP-1 drove invasive potential of cancer cells 14 . In addition, patients suffered from OOSCC were significantly associated with decreased overall survival or shorter disease-free survival only in tumors with low or missing HCRP-1 expression 15 . However, little is known about its expression pattern in RCC and its function in cancer progression.
In this study, we first identified decreased expression of HCRP-1 protein in RCC tissues. Our results demonstrated that HCRP-1 expression was decreased in RCC tissues compared with tumor adjacent normal renal tissues. In addition, we investigated the association between HCRP-1 expression and clinicopathological characteristics. Our data showed that decreased expression of HCRP-1 occurred in most of RCCs, and loss of expression was significantly correlated with histological grade, TNM stage and pT status. Furthermore, univariate and multivariate Cox proportional hazards regression analysis showed that loss of HCRP-1 expression was associated with poor outcome in terms of either overall survival or disease-specific survival. Collectively, these observations suggest that HCRP-1 is an important prognostic factor in RCC and may play a potential role in RCC metastasis.
Tumor cell migration and invasion are essential steps in the process of metastasis. To address the issue whether HCRP-1 can function in cancer metastasis of RCC, we used siRNA to knock down endogenous HCRP-1 in 786-O and OS-RC-2 cells, and observed that HCRP-1 depletion reduced cancer cell migration and invasion. MMPs, a family of zinc dependent endopeptidase, are significantly with cancer cells abilities of migration and invasion by degrading components of the basement membrane and extracellular matrix (ECM) 19 . The up-regulation of MMP-2 and MMP-9 is associated with poor prognosis in patients with RCC. Inhibition of MMP-2 and MMP-9 activity can suppress cancer metastasis 20 . We examined the levels of MMP-2 and MMP-9, our data demonstrated that knockdown of HCRP-1 may promote cancer cell migration and invasion through increased expression of MMP-2 but not the MMP-9. Herein, we report, The whole cell lysates were analyzed for the protein levels of pEGFR and MMP-2. Levels of pEGFR, EGFR, MMP-2, and β -actin were determined by using Western blot analysis.
for the first time to our knowledge that silence of HCRP-1 may contribute to the metastatic dissemination of RCC cells by promoting the expression of metastasis-related MMP-2, which supports the role of HCRP-1 on cell migration and invasion. However, the mechanism of up-regulation of MMP-2 by HCRP-1 and its signaling pathway to regulate RCC cells metastasis should remain to be explored. In order to fully elucidate the mechanisms involved in HCRP-1-induced RCC cell migration and invasion, we further investigated the signaling pathways of MMP-2 associated with cellular invasion. It is well known that the MAPK signaling pathway regulates cancer cell invasion. The MAPK pathway targets the activating protein-1 family of transcription factors, including c-Fos and c-Jun family members, which have been known to activate MMP transcription [21] [22] [23] . Therefore, we focused on the MAPK pathways based on previous studies which showed that these pathways are involved in induced migration and invasion 24 . Our data demonstrated that only phosphorylation of MEK1/2 and ERK was detected in the The results suggested that activation of MEK-ERK signaling pathway is essential for the induced invasion of knockdown of HCRP-1 in RCC cells. As a member of the ESCRT-I complex, HCRP-1 is involved in binding and sorting of ubiquitinated transmembrane proteins into MVBs and the consequent degradation with lysosomes 22 . It was reported that depletion of HCRP-1 strongly retards the degradation of EGFR 22 . In addition, Wittinger demonstrated that acquired resistance to cetuximab is linked to the accumulation of activated EGFR in the cytoplasm because of HCRP-1-related defects in receptor degradation, and HCRP-1-negative interfered EGFR signal transduction result in an increase in ERK1/2 phosphorylation. A previous report showed the link between activation of EGFR and Raf-MEK-ERK signaling 25, 26 and MMP production 27 . Recently, an oncogenic mechanism of EGFR-MEK-ERK-MMP was reported, which contributed to lung cancer invasion 28 . Given the potential role of HCRP-1 in EGFR signaling, we speculated that activation of endogenous EGFR signaling by under-expression of HCRP-1 could activate ERK1/2, which subsequently up-regulates MMP-2 expression. In support of this, the EGFR inhibitor AG1478 and siRNA for EGFR were used in our study and the data showed that up-regulation of MMP-2 expression and phosphorylation of ERK1/2 were reversed by the treatments in RCC cells. The abilities of cell migration and invasion were also decreased in RCC cells transfected with siRNAs for EGFR. These results demonstrated that loss of HCRP-1 can up-regulate EGFR phosphorylation, which subsequently drives downstream ERK-MMP-2 signaling.
In summary, our results showed that HCRP-1 is under-expressed in RCC and can influence migration and invasion by MMP-2 regulation, which is the result of EGFR-ERK pathway modulation, as is shown in Fig. 9 . To our knowledge in this study, HCRP-1 is a novel tumor suppressor gene with an essential role in receptor tyrosine kinase degradation pathway, and could serve as a promising prognostic biomarker for RCC. Nonetheless, the promising role for HCRP-1 in migration and invasion of RCC cells merits further research, which may provide additional insight into its potential as a therapeutic target to decrease metastasis. We also propose further clinical relevance investigation for measuring HCRP-1 expression, to develop a new targeted-therapy to suppress RCC progression. 
